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fish oil; inflammation; transcriptional regulation GLOMERULAR MESANGIAL CELLS (MCs) play a critical role in the initiation and progression of renal injury. MCs respond to a variety of proinflammatory mediators by proliferating, synthesizing extracellular matrix, and producing a number of cytokines that propagate the inflammatory response. Among the proinflammatory cytokines, monocyte chemoattractant protein 1 (MCP-1) has emerged as a predominant mediator of inflammation and fibrosis in chronic renal disease (60) . MCP-1 is a member of the CC chemokine family and serves as a chemotactic factor for the recruitment of monocytes and subpopulations of T cells during inflammation (56, 63, 66) . Human and experimental studies showed that MCP-1 expression correlates with glomerular and interstitial infiltration of macrophages and T cells during the development and progression of renal disease (7, 14, 19, 40, 70, 75) . In vitro, MCs produce MCP-1 in response to a number of growth factors and cytokines, including lipopolysaccharide (LPS), IL-1, TNF-␣, and TGF-␤1 (9, 23, 61, 64) . In a mesangial proliferative glomerulonephritis model, MCP-1 is rapidly induced after acute injury and promotes the influx of macrophages (67) . Although this has not been previously established in MCs, TNF-␣ stimulates transcription of the MCP-1 gene through activation of a number of intracellular signaling pathways, including NF-B, ERK, and AP-1 (43) . Based on these considerations, therapies that target MC production of MCP-1 may be effective in preventing the progression of inflammatory renal disease.
Fish oil, which is rich in the n-3 polyunsaturated fatty acids docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), has been used to treat mesangial proliferative and sclerosing glomerulonephritis associated with IgA nephropathy (17, 18) . In addition to IgA nephropathy, n-3 fatty acids have been used to treat a variety of inflammatory and autoimmune conditions (8, 36, 51) . Potential mechanisms underlying this protective effect have not been well-established (22) .
One potential mechanism may relate to the antiproliferative effects of fish oil. In cultured MCs, we previously demonstrated that n-3 fatty acids block growth factor-stimulated mitogenesis through inhibition of ERK activation, reduction of cyclin E kinase activity, and induction of the cell cycle inhibitor p21 (78) . In the antithymocyte serum model of mesangioproliferative glomerulonephritis, we demonstrated that n-3 fatty acids inhibit MC activation and proliferation, reduce proteinuria, and decrease histologic evidence of acute glomerular damage (22) .
In addition to the antiproliferative effects of n-3 fatty acids, there is considerable experimental and clinical evidence indicating that n-3 fatty acids suppress inflammatory response to tissue injury. n-3 Fatty acids inhibit TNF-␣ production by peripheral blood mononuclear cells obtained from healthy volunteers (20, 25) . In vivo, n-3 fatty acids inhibit the production of proinflammatory cytokines in response to injury (1, 33, 52) . TNF-␣ and other cytokines stimulate transcription of a number of proinflammatory genes, at least in part through activation of the NF-B signaling pathway (35, 42, 52) . We previously demonstrated that fish oil reduces NF-B activation, inflammation, and renal damage in a salt-sensitive model of hypertension, an effect that is only in part due to reduction in blood pressure (16) . A number of in vitro studies implicated activation of ERK, NF-B, and/or AP-1 in the transcriptional regulation of MCP-1 in response to a variety of proinflammatory cytokines (38, 43, 46, 47, 52, 73, 79) .
Several correlative in vivo studies suggest that the antiinflammatory effects of fish oil may at least in part relate to decreased MCP-1 expression. For example, in a 5/6 nephrec-tomy model, fish oil reduced the injury-induced activation of ERK and NF-B and decreased MCP-1 expression (2). In the KKA/y/Ta murine model of type 2 diabetes, the fish oil constituent EPA suppressed ERK1/2 phosphorylation and MCP-1 expression (26) . However, the precise mechanism through which fish oil suppresses MCP-1 production in MCs has not been defined.
Based on these considerations, we sought to test the hypothesis that fish oil decreases MCP-1 production through cross talk with the ERK, NF-B, and AP-1 signaling pathways. We demonstrate that, in MCs, ERK and NF-B activation are both required for TNF-␣-mediated transcriptional regulation of the MCP-1 gene. Although AP-1 is not involved in TNF-␣-stimulated MCP-1 transcription, DHA and EPA appear to target AP-1 in regulation of basal MCP-1 expression. We propose that the inhibitory effects of fish oil on TNF-␣-stimulated MCP-1 transcription involve suppression of ERK and NF-B.
MATERIALS AND METHODS
Reagents. Waymouth's MB752/1 medium, DMEM, heat-inactivated FBS, HEPES, sodium pyruvate, nonessential amino acids, L-glutamine, premixed insulin, transferrin, selenium ϩ bovine serum albumin (ITSϩ), and other cell culture reagents were purchased from Invitrogen (Carlsbad, CA). DHA, EPA, oleic acid (OA), and linoleic acid (LA) were obtained from Cayman Chemical (Ann Arbor, MI). Essentially, fatty acid-free BSA was purchased from Sigma (St. Louis, MO). Human recombinant TNF-␣ was purchased from Calbiochem (La Jolla, CA). U0126 was obtained from Promega (Madison, WI). Rabbit anti-p65/NF-B antibody was obtained from Active Motif (Carlsbad, CA). FITC-conjugated swine anti-rabbit antibody was purchased from DAKO (Carpinteria, CA). Other reagents, all of highest purity grades, were purchased from standard suppliers.
MC isolation and culture. All animal procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the study protocol was approved by the Mayo Clinic College of Medicine Institutional Animal Care and Use Committee. Primary MCs were obtained from 100-to 150-g male Sprague-Dawley rats by differential sieving, as described previously (12, 23, 45) . Briefly, rats were euthanized by intraperitoneal injection of pentobarbital sodium (100 mg/kg), the kidneys were excised, renal capsules were removed, and cortical tissue was minced and passed through a stainless steel sieve (200-m-pore size). The homogenate was sequentially sieved through nylon meshes of 390-, 250-, and 211-m-pore openings. The cortical suspension was then passed over a 60-m sieve to collect glomeruli. Purity of glomerular preparations was evaluated by light microscopy. Preparations typically contained Ͼ90% glomeruli. Glomeruli were seeded on plastic tissue culture dishes and grown in complete Waymouth's medium (Waymouth's medium supplemented with 20% heat-inactivated FBS, 15 mM HEPES, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 2 mM L-glutamine, 1% ITSϩ, 100 IU/ml penicillin, and 100 g/ml streptomycin). Fresh medium was added every 3 days. Cell outgrowths were characterized as MCs by positive immunostaining for vimentin and smooth muscle-specific actin, and negative stains for cytokeratin, factor VIII-related antigen, and leukocyte-common antigen (antibodies from DAKO). MCs were passed once a week following treatment with trypsin-EDTA (0.25%). Cells used in experiments were from passages 5-15. Parallel studies were conducted in a pSV3-Neo immortalized rat MC line (CRL-2573; American Type Culture Collection, Manassas, VA) to confirm a response to TNF-␣ similar to that of primary cultures of MCs. These transformed cells have been shown to exhibit characteristics similar to those of primary rat MC cultures (9, 11).
CRL-2573 cells were cultured in DMEM containing 4,500 mg/l glucose and 15% FBS.
Preparation of fatty acid-albumin complexes. Conjugation of fatty acids to albumin was performed as previously described, with some modification (78) . Briefly, stocks of fatty acids (200 M DHA, EPA, OA, or LA in ethanol) were added dropwise to 0.29 mM essentially fatty acid-free BSA in DMEM and stirred at 4°C for 8 h under nitrogen to avoid oxidation. A negative control solution containing equimolar BSA was prepared in the same manner using ethanol alone. The conjugated solutions containing 2 mM fatty acid were aliquoted, stored under nitrogen at Ϫ20°C, and thawed immediately before use.
Northern blot analysis. MCs were plated in 10-cm dishes (2 ϫ 10 6 cells/dish) in complete medium and grown to 75% confluence. For fatty acid experiments, cells were rendered quiescent in serumdepleted (0.5% FBS) medium containing 20 M n-3 fatty acids (DHA or EPA), 20 M n-6 fatty acids (OA or LA), or equimolar BSA for 24 h before stimulation with TNF-␣ (10 ng/ml) for 6 h. For MEK inhibitor studies, cells were withdrawn in serum-depleted medium alone and then pretreated with vehicle (0.1% DMSO) or the MEK inhibitor U0126 (25 M) for 1 h followed by TNF-␣ (10 ng/ml) for 6 h. Total cellular RNA was isolated using the RNeasy Total RNA Isolation Kit (Qiagen, Valencia, CA), according to the manufacturer's protocol. RNA (10 -20 g/lane) was electrophoresed through a 1% agarose, 2.2 M formaldehyde-denaturing gel and transferred to nylon membranes (Schleicher & Schuell, Keene, NH) as previously described (21, 24) . Northern blot analysis was performed with a rat MCP-1 cDNA probe obtained as previously described (29) using RT-PCR. The probe was labeled with [␣-32 P] dCTP by the random primer method, and blots were hybridized at 65°C overnight in a 0.5 M sodium phosphate buffer, pH 7.0, containing 1 mM EDTA, 7% SDS, and 1% BSA, as described by Church and Gilbert (13) . Autoradiograms were analyzed by computer-assisted video densitometry. To control for gel loading and transfer efficiency, data were normalized to 18S rRNA using negative images of ethidium bromide-stained membranes.
Plasmid constructs. For MCP-1 promoter activity studies, the MCP-1 promoter and flanking region (bp 1220 to 3635, GenBank accession no. AF079313) was amplified from rat genomic DNA by PCR using the forward primer 5=-TGTGAGAGCTGCTTGGCTG-TAAC-3= and the reverse primer 5=-TCTGGCTTCAGTGAGAGT-TGGC-3=. A truncated MCP-1 construct with deletion of the two NF-B binding sites in the distal enhancer region (AF079313 bp 1293 to 1302 and 1319 to 1328) was produced by amplification of bp 1335 to 3635 using the forward primer 5=-TTATCCTACTCTGC-CTCTG-3= and the reverse primer above. PCR products were sequenced and subcloned into the firefly luciferase reporter pGL3-Basic (Promega). The AP-1 site in the proximal promoter region of the constructs was deleted by sited-directed mutagenesis with the QuickChange II Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA) using the forward primer 5=-CCTTGGCACCAACCACCCTGC-CTCTGGCTTACAATAAAAGGC-3= (bp 3506 to 3558, less the AP-1 site at bp 3526 to 3536) and its reverse and compliment.
Transfection studies. MCs were seeded in 24-well culture plates at 8 ϫ 10 4 cells/well in complete growth medium and incubated for 24 h. Transfections were performed using FuGENE6 Transfection Reagent (Roche), according to the manufacturer's instructions. NF-B transcription studies were carried out with slight modification as described by Trushin et al. (74) using a NF-B/pGL2 firefly luciferase reporter. ERK activation was measured using the PathDetect Elk1 Signal Transduction trans-Reporting System (Stratagene), which consists of the firefly luciferase reporter vector pFR-Luc and the transactivator plasmid pFA2-Elk1. The Renilla luciferase reporter vector phRG-Basic (Promega) was used to control for transfection efficiency in all experiments. Transfected cells were withdrawn for 24 h in serum-depleted medium alone or containing 20 M fatty acids and then treated with TNF-␣ for 6 h. For MEK inhibitor studies, quiescent cells were pretreated with U0126 1 h before TNF-␣. Cells were lysed and assayed for luciferase activity using the Dual-Luciferase Reporter Assay System (Promega).
NF-B nuclear translocation. MCs were plated on LabTek-II chamber slides (Nalge Nunc International, Naperville, IL) in complete growth medium. Cells were withdrawn for 24 h in the presence or absence of fatty acids, as described above, and then treated with TNF-␣ for 1 h. For MEK inhibitor experiments, withdrawn cells were pretreated with U0126 30 min before TNF-␣. Immunofluorescence staining was performed as follows: cells were fixed in PBS with 4% paraformaldehyde for 10 min at 37°C, quenched in PBS containing 50 mM glycine for 5 min at room temperature, and permeabilized with methanol for 2 min at room temperature. They were then blocked in PBS containing 5% goat serum and 5% glycerol for 30 min, followed by incubation with rabbit anti-p65/NF-B primary antibody (1:100 dilution in PBS containing 0.09% sodium azide, 1% BSA, and 0.1% Tween 20) for 1 h at room temperature, and FITC-conjugated swine anti-rabbit IgG (1:1,000) containing 10 g/ml DAPI (4=,6-diamidino-2-phenylindole; Sigma) for 1 h at room temperature. Finally, the slides were coverslipped and analyzed in a Zeiss LSM 510 Confocal Laser-Scanning Microscope System using ϫ400 magnification.
Statistical analysis. Data presented are representative of at least three independent experiments performed in duplicate or triplicate, as indicated in figure legends. Pair-wise comparisons were evaluated by the Mann-Whitney U-test. Differences were considered to be significant when P Ͻ 0.05.
RESULTS

n-3 Fatty acids suppress TNF-␣-induced MCP-1 expression in MCs.
TNF-␣ is a well-recognized mediator of MCP-1 production in a variety of cell types, including MCs. To test the ability of n-3 fatty acids to inhibit TNF-␣-mediated induction of MCP-1, MCs were treated with n-3 fatty acids (DHA and EPA, 20 M) or n-6 fatty acids (OA and LA, 20 M) for 24 h before TNF-␣ exposure. TNF-␣, as expected, increased MCP-1 mRNA levels by 118% (Fig. 1A) . Pretreatment with DHA or EPA significantly decreased TNF-␣-stimulated MCP-1 expression (30 and 20%, respectively; P Ͻ 0.05); OA and LA were without effect (Fig. 1A) . Previous studies demonstrated that the primary mechanism for increased MCP-1 production in response to cytokines is through increased transcription of the MCP-1 gene. Transient transfection of MCs with a chimeric MCP-1 promoter/luciferase reporter construct revealed that TNF-␣-mediated MCP-1 transcription was significantly decreased following pretreatment with DHA or EPA (27 and 20%, respectively; P Ͻ 0.005; Fig. 1B) .
n-3 Fatty acids block TNF-␣-induced ERK activation. We previously showed that n-3 fatty acids inhibit basal ERK activity in MCs (78) . We therefore sought to test the hypothesis that the inhibitory effects of n-3 fatty acids on TNF-␣-stimulated MCP-1 induction occur at least in part through suppression of ERK activation. Inhibition of the ERK pathway with U0126 (25 M) decreased TNF-␣-stimulated MCP-1 mRNA expression by 35% (P ϭ 0.0006; Fig. 2A ). TNF-␣-mediated transcription of the MCP-1 gene was blocked by U0126 (42% reduction in promoter activity; P ϭ 0.0022; Fig. 2B ), indicating that the ERK pathway is involved in transcriptional regulation of the MCP-1 gene by TNF-␣. The effects of TNF-␣ on ERK activity were directly assessed by transfection using an Elk-1 Trans-reporting system. As expected, TNF-␣ activated the ERK pathway (37%; P ϭ 0.0002; Fig. 2C ). TNF-␣-mediated activation of the ERK pathway was significantly inhibited by pretreatment of MCs with DHA or EPA (26 and Glomerular mesangial cells (MCs) were treated with 20 M BSA-conjugated fatty acids (n-3 ϭ DHA and EPA; n-6 ϭ OA and LA) or equimolar BSA alone for 24 h, followed by stimulation with TNF-␣ (10 ng/ml) for 6 h. Total RNA was isolated and Northern blots were hybridized with a cDNA probe specific for rat MCP-1. Data were normalized to 18S rRNA to control for gel loading and transfer efficiency. Values are expressed as means Ϯ SE relative to TNF-␣-treated cells; n ϭ 3 experiments. #P Ͻ 0.05 vs. BSA control. *P Ͻ 0.05 vs. TNF-␣-treated cells. Inset: representative Northern blot. B: n-3 fatty acids block TNF-␣-stimulated MCP-1 transcription. To assess the effect of n-3 vs. n-6 fatty acids on TNF-␣-stimulated MCP-1 transcription, MCs were cotransfected with a chimeric MCP-1 promoter-luciferase construct (MCP-1/ pGL3, 350 ng) and a Renilla luciferase control plasmid (phRG-Basic, 5 ng). Cells were treated as described above, and luciferase activity was assessed using the Dual-Luciferase Reporter Assay System (Promega). Values are expressed as means Ϯ SE relative to TNF-␣-treated cells; n ϭ 3 experiments. #P Ͻ 0.05 vs. BSA control. *P Ͻ 0.05 vs. TNF-␣-treated cells.
35%, respectively; P Ͻ 0.0005); LA did not significantly alter TNF-␣-mediated ERK activation (Fig. 2C) .
Inhibitory effects of n-3 fatty acids on TNF-␣-induced MCP-1 expression involve cross talk between the ERK and NF-B pathways.
In other cell systems, studies showed that NF-B is a critical mediator of cytokine-stimulated MCP-1 expression. To determine whether the inhibitory effect of DHA and EPA on MCP-1 expression involves cross talk between the ERK and NF-B signaling pathways, MCs were transfected with a chimeric NF-B promoter/luciferase reporter construct and treated with U0126 followed by TNF-␣. As expected, TNF-␣ markedly induced NF-B activity (by 809%; P ϭ 0.0001; Fig. 3A) . Treatment with U0126 significantly decreased TNF-␣-stimulated NF-B transcription (by 44%; P Ͻ 0.0001; Fig. 3A ). U0126 blocked TNF-␣-induced nuclear translocation of the p65 subunit of NF-B (Fig. 3B) . DHA and EPA significantly suppressed TNF-␣-mediated activation of NF-B (34 and 30%, respectively; P Ͻ 0.0001; Fig. 4A ). TNF-␣-stimulated nuclear translocation of p65 was inhibited by DHA and EPA, but not LA (Fig. 4B ). These studies demonstrate that TNF-␣-stimulated MCP-1 expression is mediated through cross talk between the ERK and NF-B pathways and that n-3 fatty acids target these pathways in blocking TNF-␣-mediated induction of MCP-1.
Inhibitory effects of n-3 fatty acids on TNF-␣-stimulated transcription of MCP-1 involve NF-B and AP-1 binding sites.
MCs were transfected with an NF-B deletion mutant of the MCP-1 promoter/luciferase reporter construct (Fig. 5A ) and were treated with DHA, EPA, or LA followed by TNF-␣. The construct was unresponsive to TNF-␣ as expected, but DHA and EPA significantly decreased basal reporter activity of the MCP-1 construct (22 and 24%, respectively; P Ͻ 0.05); LA was without significant effect (Fig. 5B) . These studies suggest that the inhibitory effects of DHA and EPA may involve additional regulatory sequences within the MCP-1 promoter. The proximal promoter region contains an AP-1 site that has been shown to be important in transcriptional regulation of the MCP-1 gene in some cell types. Deletion of this AP-1 site decreased basal transcriptional activity of the MCP-1 construct by 52% (P ϭ 0.0019). This construct responded to TNF-␣ treatment with a 180% increase in transcriptional activity (P Ͻ 0.05). Transcriptional activity of an MCP-1 construct containing deletions of both the B1 and B2 sites and the AP-1 site showed no stimulatory response to TNF-␣ and no inhibitory response to DHA and EPA (Fig. 5C ).
DISCUSSION
Infiltration of monocytes/macrophages into the glomerulus plays a major role in glomerular injury in many forms of glomerulonephritis. Of the inflammatory mediators, MCP-1 has emerged as a critical mediator of glomerular and interstitial inflammation during progressive renal disease by virtue of its potent chemotactic effects and by its induction in response to a variety of growth factors and cytokines, all relevant to progressive renal injury (9, 23, 61, 64) . Blockade of MCP-1 attenuates acute and chronic injury in a number of renal disease models. However, potential mechanisms whereby n-3 fatty acids decrease cytokine-induced MCP-1 expression have not been previously established in MCs.
We demonstrate that TNF-␣ induction of MCP-1 requires activation of ERK1/2 in cultured rat MCs. This finding is in accord with observations in other cell systems. In vascular smooth muscle cells, TNF-␣ induces ERK phosphorylation (39) , particularly in cells obtained from older rats. In renal tubular epithelial cells, the MEK inhibitor U0126 prevents induction of MCP-1 in response to a variety of stimuli, including TNF-␣, albumin, and osmotic stress (27, 34, 71) . In MCs, a dominant-negative ERK construct inhibits PDGF-stimulated MCP-1 production (31) . We previously demonstrated that n-3 fatty acids decrease EGF-stimulated ERK activation in cultured MCs (78) . In the current study, DHA and EPA potently inhibited TNF-␣-stimulated ERK activity, indicating that the suppressive effects of n-3 fatty acids on MCP-1 are at least in part through inhibition of ERK. Fig. 3 . TNF-␣ stimulation of MCP-1 expression involves cross talk between the ERK and NF-B pathways. A: U0126 downregulates TNF-␣-stimulated NF-B transcription. MCs were cotransfected with a chimeric NF-B promoter-luciferase construct (NF-B/pGL2) and a Renilla luciferase control plasmid (phRG-Basic) for 8 h and treated with U0126 (25 M) for 1 h followed by TNF-␣ (10 ng/ml) for 6 h. Luciferase activity was assessed using the Dual Luciferase Reporter Assay System (Promega). Values are expressed as means Ϯ SE relative to TNF-␣-treated cells; n ϭ 3 experiments. #P Ͻ 0.05 vs. control. *P Ͻ 0.05 vs. TNF-␣-treated cells. B: U0126 decreases TNF-␣-stimulated nuclear translocation of NF-B. MCs were pretreated with U0126 for 30 min and then stimulated with TNF-␣ for 1 h. Cells were fixed and immunostained for the p65 subunit of NF-B, and nuclei were stained with DAPI. Slides were analyzed by confocal microscopy. 1: Vehicle control. 2: Vehicle ϩ TNF-␣. 3: U0126 ϩ TNF-␣. Insets: same images without DAPI stain overlay. In many cell systems, proinflammatory cytokines including TNF-␣ and IL-1 promote MCP-1 expression through activation of the NF-B signaling pathway. NF-B is a transcription factor complex widely distributed in most cell types, including MCs (37, 44) . NF-B consists of homo-or heterodimers formed from five possible units of the Rel family, with the p65/p50 heterodimer being the most common form. The complex exists in an inactive form within the cytoplasm associated with the inhibitory protein IB (5) . Activation of NF-B results from release of the IB subunit from the heterotrimeric complex and is followed by translocation of the dimer into the nucleus, initiating transcription of target genes.
We demonstrate that DHA and EPA inhibit activation of MCP-1 at least in part through inactivation of NF-B. In other cell types, n-3 fatty acids inhibit NF-B activation (32, 41, 69, 81) . Furthermore, the MEK inhibitor U0126 prevented NF-B activation in MCs, suggesting that TNF-␣-mediated induction of MCP-1 requires sequential activation of ERK and NF-B. A similar ERK¡NF-B pathway has been established in aortic smooth muscle cells (65) and in melanoma cells (15) .
Recent studies led to the identification of central regulatory regions within the MCP-1 promoter and flanking regions that are necessary for cytokine and growth factor-stimulated MCP-1 expression (6, 58, 59) . A distal enhancer region contains two consensus NF-B binding sites (B1 and B2). We verify that the B1 and B2 sites are essential for transcriptional induction of the MCP-1 gene by TNF-␣ in MCs, since a construct in which these elements are deleted showed no transcriptional response to TNF-␣. Although this construct did not respond to TNF-␣, DHA and EPA suppressed basal transcriptional activity. These studies suggest that DHA and EPA target sequences in addition to the B1 and B2 sites in regulating MCP-1 expression.
Based on studies in other cell systems, we hypothesized that an AP-1 binding site located within the proximal promoter region may be involved in n-3 fatty acid-mediated inhibition of TNF-␣-stimulated MCP-1 transcription (4, 43, 59, 72, 76, 80) . We found that a mutant MCP-1 construct with deletion of an AP-1 site located within the promoter region in addition to the distal B1 and B2 elements shows no transcriptional activation in response to TNF-␣, as expected, and no transcriptional suppression in response to DHA and EPA. Based on these considerations, we propose that n-3 fatty acids target both the AP-1 site, which regulates basal transcription of the MCP-1 gene, and the B1 and B2 sites, which regulate TNF-␣-stimulated transcription of the MCP-1 gene.
The role of the NF-B and AP-1 sites in transcriptional regulation of the MCP-1 gene appears to be stimulus-specific. For example, in glomerular endothelial cells, TNF-␣-induced transcription of the MCP-1 gene requires cooperative interaction of NF-B and AP-1 (55) . However, the NF-B sites do not appear to be involved in transcriptional regulation of the MCP-1 gene in response to PDGF in murine fibroblasts (58) or to TGF-␤ in rat MCs (9). The precise mechanism through which n-3 fatty acids suppress ERK and NF-B activation has not yet been established. n-3 Fatty acids are substrates for resolvins and protectins, which are potent anti-inflammatory compounds (3, 30, 68) . Recent studies identified GPR120 as a receptor for n-3 fatty acids (54, 77) . Activation of GPR120 antagonizes the proinflammatory effects of TNF-␣ and LPS in a macrophage cell line, an effect that is associated with inhibition of NF-B signaling. Engagement of GPR120 on macrophages may promote transition from a proinflammatory M1 phenotype-a phenotype characterized by increased MCP-1 production-to an anti-inflammatory/repair M2 phenotype (54) . GPR120 is highly expressed on macrophages and adipocytes (62); it is not yet clear whether this receptor is highly expressed on MCs or other parenchymal cells. Further studies are needed to address this issue.
Recent studies called attention to the inductive effect of fish oil on heme oxygenase (HO)-1 (57) , and that an oxidative product of n-3 fatty acids, 4-hydroxy hexenol, induces HO-1 (28) . In this regard, our prior studies demonstrated that HO-1 is an inhibitor of MCP-1 expression (48 -50) . For example, HO-1 deficiency is associated with increased inflammatory responses and increased activation of NF-B and MCP-1 (49) . Conversely, overexpression of HO-1 suppresses albumin-induced NF-B activation and MCP-1 expression through a mechanism that involves inhibition of an ERK-dependent NF-B-dependent pathway (48) . Products of HO-1 such as bile pigments and carbon monoxide are anti-inflammatory in nature (50) . We offer the speculation that it is possible that the inhibitory effect of n-3 fatty acids on MCP-1 expression may involve induction of HO-1 and the products of such HO activity.
In summary, we propose that n-3 fatty acids suppress TNF-␣-stimulated MCP-1 transcription by preventing NF-B activation in an ERK-dependent fashion. We identified two consensus NF-B binding sites in the distal enhancer region that are involved in transcriptional activation of the MCP-1 gene. n-3 Fatty acids block transcriptional activation of the MCP-1 gene by preventing nuclear translocation of NF-B subunits. n-3 Fatty acids may also suppress MCP-1 transcription through interaction with an AP-1 site located within the proximal promoter region of the MCP-1 gene. Inhibition of MCP-1 production may represent an important mechanism for the well-established anti-inflammatory properties of n-3 fatty acids.
